Abstract -The Metal Powder Laser Shaping (MPLS) has been widely used for manufacturing functional parts in recent years. In the MPLS process, a lot of process variations affect the quality and precision of the manufactured parts. The temperature field and cladding height are two key parameters that reflect the manufacturing conditions. In the temperature field measuring system, the infrared images of the molten pool are taken by a CCD camera and the image data are analyzed by the software design. The colorimetric method is applied to the temperature measurement. Image processing of the molten pool makes the temperature distribution seen clearly and extracts the characteristic parameters for feedback control system. The MPLS process builds metal parts in a layer-by-layer accumulating fashion. So it is important to manufacture every layer with a uniform height. The methods for measuring cladding height are presented. The powder flow rate and scanning velocity are effectively used as controlled parameters in the control system. Experimental results validate the good performance of the measuring and control system.
I. INTRODUCTION
In traditional manufacturing, it usually takes from weeks to months to almost years to manufacture all types of complicated dies before building parts. Whereas, the Metal Powder Laser Shaping (MPLS) technology, which uses the high power of laser to directly deposit and form the functional parts with metal powder from a computer-aided design (CAD) model without using the moulds and dies [1] [2] . Therefore, the manufacturing process greatly reduced the time from a CAD drawing to a functional part. In virtue of the conspicuous advantages, this technology is deeply researched in many scientific research academies and universities in recent years. Furthermore, the MPLS has been brought into wide use in recent years, such as functional parts manufacturing, parts preparation, surface modification and figure reparation.
In the MPLS process, a large number of parameters [3] influence the figure and quality of the built parts, such as the power of the laser, the scanning velocity, and the metal powder flow rate. In order to manufacture parts with high geometrical precision and mechanical performance, a realtime monitoring and feedback control system for The Metal Powder Laser Shaping process has been constructed and developed by Shenyang Institute of Automation Chinese Academy of Sciences.
In this system, two key parameters, the molten pool and the cladding height, are guaranteed stability by real-time measuring and on-line regulating correlative parameters.
II. MEASURING, ANALYSIS AND CONTROL SYSTEM FOR TEMPERATURE FIELD OF THE MOLTEN POOL
Usually, there have two methods to measure the temperature. One is the contact method, and the other is the non-contact method. In view of the complex environment and the character of the molten pool in the manufacturing process, a non-contact method infrared temperature measurement is used in the process.
In the measuring process, a CCD camera takes infrared images of the molten pool, and then through the image card, the images go to the analysis system to extract the useful information of the molten pool. The information acquired from the dynamic analysis is used in control system to regulate the laser power to optimize the manufacturing parameters.
A. Elements of the measuring system
The basic theory of the temperature measurement is colorimetric method. In this method, the proper selection of the filter parameters will improve measuring precision and reduce errors. The wavelength of the filter is fixed on 1 Where c 1 and c 2 are the first and the second emittance constant, T is the absolute temperature. In this measurement system, the temperature ranges about from 800K to 2300k, which is applied Wien's law, so (1) can be substituted by (2):
The ratio ) (T R of N can be illuminated as (3): 
N is grey value of the image, and C 2 =1.43879×10 
B. The setup of the measurement system
The CCD sensor in the optical circuit is a single passage, which is simpler than the double passage, but the singlepassage circuit response slower, and the CCD sensor must be localization with a high precision [6] .
The measurement system includes a lens, two optical filters, a CCD camera, a stepping motor, an image card and a computer. The sensing and control system of the molten pool is shown in Fig. 2 .
In the measuring system, through the optical filter, the CCD camera takes the 256-color grey images of the molten pool. Through the image card, the computer gets the image data of the molten pool to analyse and abstract information. In the measuring process, the motor drives the turnplate to make the two optical filters appear in the circuit alternatively. The photoelectric switch is used for exact locating the filters in the circuit. The whole measuring system is installed at the side of the laser head. 
C. The software analysis system
The images of the molten pool contain a large number of information that can reflect the manufacturing conditions. The analysis system picks up some useful characteristic parameters of the image to be used for the control system.
The software design system applies Visual C++ to realize the image data's analysis. Before analysing the images, the software system filters noises of the image above all. Because the noise-filtering is not an innovation of the system, it is not described in details. More details of image analysis are illustrated as follows.
By analysing the two infrared images collected nearly simultaneously through two different wavelength filters respectively, the analysis system can calculate the temperature at any point of the molten pool based on the relationship between ) (T R and T . After calculation, the software system generates a new 256-color grey image that the grey value of every point represents a determined temperature value. The grey value N i (i=0~256) of any point is computed by (4). 
max T and min T are respective the upper limit and the lower limit of the temperature range. The stabilization of the molten pool is vital to manufacture a part with good quality and precise figure. The software design realizes the pseudocolour painting between the neighbour isotherms that can reflect the distribution of the temperature more clearly. Every same-colour represents a continual temperature range. The pseudo-colour image is shown in Fig. 3 . Extraction of object is an important aspect of image processing. In this measuring system, the dimension of the molten pool is a key parameter for feedback control system. The acquisition of this parameter includes three steps: the selection of threshold value, the process of binarization and the feature extraction.
There have two ways to select threshold value: the least error method and the biggest variance method [7] . The latter has a better effect by comparing the two ways and according to the character of the molten pool. This principle is illustrated as follows.
Supposing an image has m levels grey-value: from 1 to m and dividing these levels into two groups, The variance 2 k between the two groups is:
Where is the average grey-value of the image.
k is the average grey-value when the threshold value is k, and w k is the probability of C 0 . If the 2 k gains the biggest value when the k value ranges from 1 to m, the k is determined as the threshold value. The acquisition of k value is calculated by computer. The schematic of the acquisition of threshold value by the biggest variance method is shown in Fig. 4 . When the threshold value is determined, it is easy to realize binarization to pick-up the molten pool from the background in the image. The width, height and area are important parameters reflect the dimension of the molten pool. They can be easily computed from the binarization image. The dimension of the molten pool is decided by the laser power. Furthermore, steady temperature field is vital to manufacture parts with good quality and high precision. Therefore, the dimensional parameters are indispensable for control system. Fig. 5 shows the dimensional results processed from an infrared image.
D. The control of the temperature field
In the measuring system, the camera takes the picture of the molten pool at a high rate. Through the image card, the 256-color grey images go to the analysis system, and then the computer processes the image and gets the useful information for the system to control the correlative parameters to maintain the stabilization of temperature field of the molten pool. The measuring and control system treats the data in such a high speed as to realize real-time management.
The power of laser is a key parameter to affect the temperature stability of the molten pool. In practice, the electrical current of the laser is a controllable parameter. Fig.  6 shows the schematic of the measuring and control system of the temperature field. Fig. 7 is the closed-loop control system for the temperature field of molten pool. In Fig. 7 , the input parameter may be one parameter of the width, the height or the area of the molten pool and the output is the same parameter as the input. In the control system, the controller adjusts the electrical current of laser to guarantee the stabilization of the temperature field. In the analysis system, when computer gets the information that the temperature rising, the controller turns down the laser power. Otherwise, the controller turns up the laser power to compensate the deficiency of temperature field.
III. MEASURING AND CONTROL OF CLADDING HEIGHT
The MPLS manufactures functional parts in a layer-bylayer accumulating fashion. Therefore, in the deposit process, the system should guarantee the uniform height of every cladding layer. But in the manufacture process, a large number of variations disturb the conditions and deteriorate the formed parts. A real-time sensing and control system for the metal part shaping process is of great significance.
A. The measurement of cladding height
Lots of scientific research academies and universities have been studying the measurement of cladding height. In Tsinghua University, an infrared detector is used for monitoring the cladding height [8] . In University of Michigan, multiple sensors are used for sensing the deposit height. In the Sandia laboratory of the United States, the researchers utilize the triangle measurement to sense the cladding height. In Michigan University, phototransistors are used to confine the biggest height [5] .
In Shenyang Institute of Automation Chinese Academy of Sciences, a different method of 3D measurement system of free-form surface based on vision is used to test the height of laser cladding. The set-up of this measurement is shown in Fig. 8 .
In the measuring process, the CCD camera takes the image of the light-line formed by the line-structure laser. On the premise of calibration of camera and laser plane, the threedimensional coordinates of any point on the light-line is feasibly calculated. On the premise of matching corresponding points of two layers, the height between two layers can be calculated by the subtraction of Z-dimension of the corresponding points. To compare the actual height and the predetermined height, the unevenness information of the plane can be got. This information is an important parameter for the feedback control system. In Ref. [9] [10], the calibration method is illuminated in detail. 
B. The control system for laser cladding height
The ability of the MPLS system to precisely fabricate the part can greatly minimize the post deposition operation. The dimension accuracy and mechanical qualification of the formed parts are maintained from the system that has the ability of automatic compensation. Considering the most important parameters that affect the formed parts, the powder feedrate and the scanning velocity, a feedback control system has been set up to regulate these two parameters in real-time.
In the MPLS process, when the measuring system senses a concave region or a protuberant region, the control system can accurately compensate the deficiency by increasing powder quantity exactly ahead of the postponed time, and otherwise accelerate the scanning velocity for decreasing the quantity of metal powder. The powder flow rate is feasibly sensed by an optoelectronic sensor as in Ref. [11] .
IV. EXPERIMENTS AND CONCLUSIONS

A. Experiments
Experiments are carried out with Nickel alloy to investigate the effect on built parts by the measuring and control system. The initialization of experimental parameters is shown in Table I . Fig. 9 shows the comparison between two samples built by open-loop system and the measuring and control system. 
B. Conclusions
The temperature field and cladding height are two parameters that reflect the manufacture conditions. Steady temperature and equal height of laser cladding can guarantee the accurate geometry and good quality. The image colorimetric method is successfully applied to temperature field acquisition. The image-processing design makes the temperature distribution can be seen clearly. The dimension parameters are effectively used for feedback control system to ensure the stability of the MPLS process. The homogeneous thickness of cladding is obtained by a vision-based method in real-time measuring and on-line control system. The manipulation of powder flow rate and the scanning velocity by computer guarantees the uniform of cladding height. The experimental results show a great improve in geometry accuracy of the built parts by the measuring and control system. Because the measuring and control system is being under construction, more details will be presented before long.
